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INTRODUCTION 
Constriction of the small blood vessels in the hamster cheek pouch 
has been reported under several experimental conditions. Wyman, 
Fulton, and Shulman (1953) obtained arteriolar constriction after bi-
lateral adrenalectomy. These results were confirmed by Wyman, 
Fulton, Sudak, and Patterson ( 1953). Vasoconstriction occurred during 
the early period of histamine shock (Wyman, Fulton, Drapeau, and 
Shulman, 1957) and terminally after total body X -irradiation with 1000 
r (Fulton and Sudak, 1954). 
Elevations in serum potassium have been shown under the same 
experimental conditions, by serum electrolyte determinations and elec-
trocardiograms. Wyman, Fulton, Sudak, and Patterson (1953) reported 
that vasoconstriction accompanied the rise in serum potassium which 
follows bilateral adrenalectomy. Sudak, Wyman, and Fulton (1957) 
demonstrated that elevated T waves due possibly to increased serum 
potassium levels occurred early in histamine shock. Vasoconstriction 
predominated during the period of hyperpotassemia after total body X-
irradiation with 1000 r (Fulton and Sudak, 1954). 
A direct action of potassium on the smooth muscle in the walls of 
blood vessels has been postulated by Wyman, Fulton, and Shulman (1953). 
There is indirect evidence that hyperpotassemia can result in prolonged 
coronary constriction in dogs (Katz and Linder, 1938) and similar find-
ings have been reported in vessels of skeletal muscle (Dawes, 1941). 
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Furthermore, high plasma potassium has been reported in the termin-
al stages of shock by a number of investigators as reviewed by Over-
man (1951). 
The purpose of the investigations described in this thesis was to 
determine the role of the potassium ion per~ on the cardiovascular 
system of the golden hamster, with particular emphasis on concentra-
tions encountered in experimental and pathological conditions. 
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REVIEW OF THE LITERATURE 
THE EFFECT OF POTASSIUM ON THE WALLS OF BLOOD VESSELS 
The sympathomimetic action of potassium on blood vessels has been 
known for many years. However, this concept is based upon acute ex-
periments and without correlations between the concentrations of po-
tassium in the vascular system and vasoconstriction. Consequently 
the evidence is incomplete, since an element may have the potentiality 
to stimulate smooth muscle cells but one cannot assume that the same 
effect will occur in physiopathological conditions. For example, Dawes, 
(1941) injected 30 mg. of potassium chloride into vessels in the hind 
legs of cats and dogs and reported vasodilation. This quantity of po-
tassium is far above the amounts found in extreme experimental hyper-
kalemia. Furthermore, the toxic level in laboratory animals is a max-
imum of 0. 8 mg. /cubic centimeter of blood, as shown by the measure-
ments of Chamberlain et ~ (1939), Winkler et al (1938), and Nicholson 
and Schecter (1937). The evidence for sympathomimetic properties of 
potassium is summarized in the following review of the literature. 
The action of potassium on the smooth muscle of the blood vessel 
wall was first demonstrated by Traube (1864). Decreased heart rate, 
increased blood pressure and decreased blood flow from the cut end of 
the coronary artery occurred in dogs injected intravenously and intra-
arterially with potassium nitrate. Similar results were observed in 
rabbits injected in the same manner. Since then, many of the reports 
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have been contradictory for various species of animals. Based on a 
rise in blood pressure, vasoconstriction was described subsequent to 
injections of various potassium salts into the veins and arteries of 
frogs (Brunton and Cash, 1887; Held, 1905; Clark, 1921; Schmidt, 
1921; Teschendorf, 1921). However, Podcopaew (1865) found no vaso-
constriction in the web of the frog's foot after injections of a 10 percent 
potassium chloride solution. He did observe red cells adhering to each 
other and stasis of blood in venules and capillaries. Also in frogs, 
vasodilation was reported after perfusing the entire animal with 
Ringer's solution containing increased amounts of potassium chloride 
(Thomson, 1886; Alday-Redonnet, 1920). Hooker (1911), using pithed 
frogs to rule out stimulation of the central nervous system, perfused 
the entire animal with Ringer's solution containing augmented concen-
trations of potassium and found evidence for vasodilation. He based 
his findings on the increased blood flow at the cut end of the great veins. 
In mammals, the effect of potassium on the blood vessels is equally 
contradictory. Aubert and Dehn ( 1874) reported an increased blood 
pressure in dogs injected intravenously or intraarterially with various 
potassium salts (0. 2o/o to 0. 5%). These results were confirmed by As-
tolfoni (1903), Schmidt (1921), Solmann (1922), Regniers (1926), Mc-
Guigan and Higgins (1935) and Dawes (1941). Vasodilation was reported 
in the dog by Podcopaew (1865) and in the dog and hind hoof of calves 
by Kobert ( 1887). Kemme rich ( 1868) reported a direct vasoconstrictor 
action on the blood vessels in rabbits, and this has been confirmed by 
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Guttman (1865), Braun (1904) and Schmidt (1921). After cutting the 
cervical sympathetic nerve in the rabbit, Regniers ( 1926) reported 
vasoconstriction in response to perfusion of the ear with 1.15% po-
tassium chloride, 1% potassium bromide and 1% potassium nitrate. 
Similar results were described for the paws of cats perfused with 
Ringer's solution containing increased concentrations of potassium 
chloride (Schmidt, 1921; Regniers, 1926). Using plethysmography, 
Mathison (1911) found evidence for vasoconstriction in the blood ves-
sels of the ilium of decapitated, curarized and vagotomixed cats after 
intracarotid injections of 4 cc. of M/6 potassium chloride. Vasodi-
lation occurred with smaller does. These results were confirmed 
in pithed and ergotoxin-treated cats. The author concluded that po-
tassium acts on the spinal vasomotor centers as well as on the per-
ipheral blood vessels and the neuromuscular junction is not essential 
for its action. Mathison's experiments were designed to rule out 
nervous factors and clearly presented evidence for the direct action 
of potassium in producing vasoconstriction. 
Further interest in the sympathomimetic properties of potassium 
arose in 1930 following the report that potassium salts could stimulate 
the secretion of adrenaline from the adrenal medulla (Houssay and 
Molinelli, 1925; Molinelli, 1926; Kusnetzow, 1926). Hazard (1933) 
demonstrated that intravenous injections of potassium chloride in dogs 
caused a marked increase in blood pressure which could be abolished 
by adrenalectomy. The capacity for potassium to stimulate adrenaline 
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secretion has been confirmed many times (Bacq and Rosenblueth, 
1934; Kiyhara ~~· 1935; Hazard, 1936; Feldberg and Gumarias, 
1936; Hug, 1937 a; Katz and Katz, 1937; Hermann et al, 1938; Fenn, 
1940; Lecomte, 1953). Katz and Katz (1937) stated that the adrenals 
must be removed before the effects of potassium on the cardiovascu-
lar system can be evaluated. Dawes (1941) substantiated this concept 
and reported that adrenalectomy greatly reduces the rise in blood 
pressure which occurred when potassium chloride was injected into 
the carotid or iliac arteries. The same results were reported by 
others (Fenn, 1940). 
An interesting historical anecdote arose in 1936 concerning the 
physiological roles of potassium and adrenaline in stimulating the 
cardiovascular system. D'Silva (1934), Marenzi and Gerschman 
(1935) and Schwartz (1935) reported an increase in serum potassium 
following intravenous injections of adrenaline. McGuigan and Higgins 
(1935) stated that an increase in serum potassium can elicit a rise 
in blood pressure in the absence of the adrenals. Camp and Higgins 
(1936 a) combined these two facts and proposed the theory that potas-
sium is responsible for the typical changes ascribed to adrenaline. 
Their reasoning is expressed in the following syllogism: 
Adrenaline causes a rise in serum potassium. 
Injected potassium salts cause a rise in blood pressure. 
Therefore: Potassium not adrenaline is responsible for increased 
blood pressures. 
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The authors admit the important fallacy that hypertension cannot be 
induced unless the potassium salts are injected rapidly (Camp and 
Higgins, 1936 b). Other investigators have demonstrated other weak 
points in this interesting hypothesis (Hug, 1937 b; Brewer and Larson, 
1938). 
Only one report has been found of vasoconstriction occurring in 
blood vessels perfused with concentrations similar to those encountered 
in clinical and experimental hyperpotassemia. Katz and Linder (1938) 
perfused denervated coronary vessels in dogs and recorded vasocon-
striction when the perfusate contained one and a half to two and a half 
times the normal potassium concentration. Vasodilation occurred 
with smaller concentrations. The authors concluded that potassium 
stimulated the walls of these blood vessels directly. 
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THE EFFECT OF POTASSIUM ON THE HEART 
The tokic effect of potassium upon the cardiovascular system has 
been known since 1839 when Blake rapidly infused potassium chloride 
intravenously in dogs and obtained cardiac standstill. This has been 
confirmed many times, however, the method and route of injection were 
found to be important. For example, Feltz and Ritter (188.1) repeated 
Blake's experiment and obtained no outward symptoms by injecting 
the salts slowly. Furthermore, Mathison (1911) and Winkler and Smith 
(1938) found that greater concentrations of potassium can be tolerated 
intra-arterially than intravenously. 
The effect of intravenous potassium injections on the heart rate 
has been investigated in several species with consistent results. Po-
tassium caused a decrease in heart rate in dogs (Aubert and Dehn, 
1874; Traube, 1864; Hering, 1915; Nicholson and Soffer, 1935; Nichol-
son and Schecter, 1937; Hall and Cleghorn, 1938; Roberts, 1952), 
rabbits (Guttman, 1865; Kemmerich, 1868; Braun, 1904; Hering, 1915; 
Nahum and Hoff, 1939), cats (Mathison, 1911; Nahum and Hoff, 1939; 
Chamberlain, Scudder, and Zwemmer, 1939), frogs (Bottazzi, 1896; 
Howell, 1905; Held, 1905), terrapins (Howell, 1905), skate (Hyde, 1908-
1909) and man (Levine, et al, 1951; Braun, Surawicz, and Bellet, 1955, 
and many others). 
The use of electrocardiograms as a diagnostic tool for hyperpo-
tassemia was first introduced by Nicholson and Soffer (1935) who corre-
lated EKG changes with plasma potassium concentrations in adrenal-
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ectomized dogs. Earlier, Duque Sampayo, Lopez Morales and La-
fuente {1934) described altered electrocardiographic patterns in 
Addison's disease but did not correlate the changes with electrolyte 
disttlrbances. Nicholson and Schecter {1937) attempted to corroborate 
Nicholson's earlier work by inducing a spontaneous rise in potassium 
by bilateral ligation of the renal arteries in dogs, thus producing abnor-
mal EKG patterns such as increased T waves, a diphasic T, and auri-
cular flutter. Despite the increased concentration of potassium they 
attributed these changes to a fall in carbon dioxide tension since the 
same results could be obtained by injecting ammonium chloride. During 
the same year, Harris and Levin {1937) slowly infused potassium chloride 
into human patients and produced abnormal tracings. However, the po-
tassium levels were raised only slightly and no definite conclusions were 
drawn. The following year Winkler, Hoff, and Smith (1938) injected 
potassium chloride into dogs at a slow rate until death and correlated 
successive changes in the electrocardiogram with the potassium con-
tent of the blood. The changes in EKG were increased amplitude of the 
T wave, depression of the S-T segment, disappearance of the P wave, 
and ventricular fibrillation. Death occurred when the serum potassium 
levels reached 14 to 15 mEq/1. The investigators concluded that EKG 
changes were· due to increased potassium and that death was related to 
the complete dissociation of the ventricular complex. Chamberlain, 
' Scudder and Zwemer (1939) described similar EKG changes after intra-
venous KC 1 injections in cats. They also described low and inverted 
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T waves with leads II and III, auriculo-ventricular blocks and i.ntra-
ventricular blocks preceeding fatal fibrillation. The latter findings 
confirm the earlier work by Wiggers (1930) who reported a depression 
of conduction in the bundle of His after intraventricular injections of 
potassium chloride. Nahum and Hoff (1939) reported similar I-V blocks 
in rabbits and cats, and postulated the possible role of potassium as the 
agent responsible for fibrillation. EKG manifestations of potassium 
intoxication have been described further in the cat by Crisman.=!_ al, 
(1943) and in dogs, rabbits, cats, and guinea pigs by Merklen (1953). 
Electrocardiographic signs of progressive potassium intoxication 
have been invtestigated in man. The earliest change occurs in the T 
waves followed by lowering and broadening of the P waves, depressed 
RS-T segments, prolonged P-R intervals, idioventricular rhythm, and 
ventricular fibrillation followed by cardiac arrest. Correlation of 
these events with hyperkalemia were made during progressive potas-
sium intoxication (Mullin.=!_ al, 1938a; Keith..=!. al, 1942; Finch and 
Marchand, 1943; Marchand and Finch, 1944; Finch et al, 1946; Govan 
and Weiseth, 1946; Martin and Wertman, 1947; Stewart et al, 1948; 
Bryant, 1948; Bellet et al, 1950; Darrow, 1950; Darrow and Pratt, 1950; 
--
Merrill.=!_ al, 1950; Levine..=!. al, 1951; Reynolds, 1951; Overman, 1951; 
Merrill, 1952; Dodge.=!_ al, 1953; Goldberger, 1953; Braun..=! al, 1955), 
in renal insufficiency (Keith..=!.~· 1943; Keith and Osterberg, 1946 and 
1947; Tarail, 1948; Danowski, 1949; Weller and Taylor, 1950; Meroney 
and Herndorn, 1954; Hopper ..=!.~• 1953 ), in uremia (Hoff..=!. al, 1941; 
Keith~ al, 1944; Wener and deLeeuw, 1949), in diabetic acidosis 
(Martin and Wertman, 1947) and in patients suffering with Addison's 
disease (Thomson, 1939). 
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The toxic level of potassium differs in experimental animals and 
man. Death occurs in man at 8-10 mEq/1. (Tarail, 1948; Levine 
et al, 1951; Wener and deLeeuw, 1949; Hoff et al, 1941) while in 
animals terminal values may reach 13-27 mEq/1. (Chamberlain~ al, 
1939; Winkler..=! al, 1938; Nicholson and Schecter, 1937). 
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MATERIALS AND METHODS 
The results reported in this dissertation were obtained from two 
related studies concerning the sympathomimetic properties of potas-
sium on blood vessels. In one approach the effects of topical appli-
cations of Ringer's solution and solutions containing altered concen-
trations of potassium were determined. In the second approach vas-
cular responses and electrical events in the heart were correlated 
with hyperpotassemia induced experimentally by intravenous injec-
tion of potassium chloride. 
Animals 
Male and female hamsters (2-4 months old), weighing between 
one hundred and one hundred and twenty grams, were used in all 
studies. Hamsters were procured from the Golden Nugget Hamstery 
(Maynard, Massachusetts), Boston University Breeding Laboratory 
(Boston, Massachusetts), and from litters bred by the author. All 
animals were permitted tap water and food ad libitum. Animals re-
ceived in shipment were allowed at least one week to become accli-
mated to the conditions in the animal room before use. 
Surgical Techniques 
a. Preparation of the hamster cheek pouch for observation of 
blood vessels and topical application of solutions. In order to facil-
itate observation of blood vessels at high power with water immersion 
lenses and to allow direct application of solutions for assay purposes, 
a single -layered preparation of the everted cheek pouch was made 
in the following manner. The hamsters were weighed and anesthe-
tized with Nembutal (pentobarbital sodium, Abbott) given by intra-
peritoneal injection of 7. 5 mg. I 100 grams body weight fortified with 
0. 05 cc. of Dial with Urethane (Ciba) mixed in the same syringe. 
The latter anesthetic provided two to two and a half hours of anes-
thesia as compared with one hour to an hour and a half with Nem-
butal alone. When necessary, the initial dose was fortified with 
2 mg. of Nembutal. The cheek pouch was everted and prepared for 
transillumination by pinning over a transparent block (Fulton et al, 
1947; Lutz and Fulton, 1954). With the aid of a dissecting micro-
scope and transmitted light, the blood vessels were exposed by re-
moval of a portion (2 -3 mm. in diameter) of the upper wall of the 
pouch and underlying connective tissue. The latter procedure was 
performed with meticulous care in order to insure maximal expos-
ure without traumatizing the vessels. 
b. Intravenous Injections. In anesthesized hamsters hyper-
potassemia was produced by slow intravenous injection into the fe-
moral vein. The hair of the upper medial side of the thigh was re-
moved with clippers and the skin swabbed with tincture of iodine 
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(a few crystals of potassium iodide in 70 percent alcohol). A short 
transverse incision was made in the upper region of the thigh with 
clean surgical scissors, and the femoral artery and vein were ex-
posed by dissecting away connective tissue and fat with sharp, pointed 
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watchmakers forceps. Two or three millimeters of the femoral vein 
were teased away from the accompanying artery and the distal par-
tion was tied with surgical suture thread. Polyethylene tubing (FE 10), 
approximately two feet in length and filled with Ringer's solution, was 
inserted into a small transverse incision made in the vein with iris 
scissors. The tubing was tied into place with surgical suture thread. 
The opposite end of the tubing was connected to a twenty-five gauge 
(3/4 inch) hypodermic needle attached to a 1 cc. tuberculin syringe 
containing Ringer's solution. A check for proper cannulation was 
made by exerting slight negative pressure on the plunger of the syr-
inge. This should cause a free back flow of blood into the cannula. 
The wound was kept moist during the experiments with a wad of ab-
sorbent cotton soaked with Ringer's solution. 
Hyperpotassemia was produced experimentally by injecting slowly 
(0. 04 cc. /minute) one percent potassium chloride into the cannulated 
femoral vein. This very slow rate was obtained from a custom built 
injector (Degelman) with a variable rate of 0 to 0. 05 cc. per minute. 
This apparatus is shown in Figure 1. 
c. Adrenalectomy. Anesthesia was provided by an intraper-
itoneal injection of Nembutal (10 mg./ 100 grams body weight). Ad-
renalectomies were performed using a dorsolateral approach in a 
single operation under aseptic conditions. The hair on the dorsal 
surface was removed with animal clippers, the skin swabbed with 
tincture of iodine, and a short midline incision ( 1. 5 centimeters) was 
Explanation of Figures 
Figure 1. Equipment used to study the cardiovascular effects of 
physiopathological concentrations of potassium. 
Foreground. Grass Electroencephalograph. 
Background (Left to right). Injection apparatus, com-
pound microscope with Leitz screw-micro-
meter, hamster cheek pouch dish on micro-
scope stage, Spencer Lamp, Oscilloscope. 
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made with clean surgical scissors. The underlying connective tis-
sue and facia were dissected away, the skin retracted, and a small 
puncture was made with sharp straight forceps through the dorsal 
muscle mass slightly cephalad and mediad to the anterior pole of 
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the kidney. The adrenal was grasped with a pair of curved forceps, 
pulled through the incision and severed from its vascular connections 
with iris scissors. The wound in the musculature was allowed to 
heal without sutures. The skin incision was closed with sterile 
Michel wound clips, and the animal was returned to its cage and al-
lowed food and water ad libitum. 
d. Heart and orbital sinus punctures. Samples of blood for 
serum electrolyte and blood pH determinations were obtained by 
cardiac puncture in hamsters under light barbiturate anesthesia. 
The chest region was swabbed with seventy percent alcohol and the 
heart palpatated between the forefinger and thumb. The tip of a 
sterile twenty -six gauge ( 1 I 4 inch) hypodermic needle attached to 
a 1 or 2 cc. syringe was placed to the left of the sternum, between 
sternum and midclavicular line, and inserted vertically into the heart 
between either the third or fourth intercostal space. Blood was usu-
ally obtained from the right ventricle as indicated by adhesions at 
autopsy. 
In some cases, blood for serum electrolyte determinations was 
obtained by the orbital sinus technique described by Tassoni (1955). 
With the animal pronated and facing to the right of the investigator, 
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the tip of a twenty-five gauge ( 1/2 inch) hypodermic needle attached 
to a 1 cc. tuberculin syringe was placed between the upper lid and 
eyeball at a point slightly to the left of the mid-line of the eyeball. 
The needle was inserted at a thirty-degree angle to the median plane 
of the animal and the curvature of the orbit followed to a point anter-
ior and at a level with the optic foramen. Venous blood was obtained 
in this manner. 
Blood taken for electrolyte determinations by either of these 
methods was discarded if obtained with difficulty and excessive bub-
bling. Under these conditions, extensive hemolysis occurred and 
potassium determinations were invalid. 
e. Adrenergic blockade of blood vessels. Blockade of the myo-
neural junctions of blood vessels was obtained with 1Dibenzyline 1 
(Smith, Kline and French). Five milligrams per 100 grams body 
weight were introduced directly into the circulation by cardiac punc-
ture. Complete blockade of the blood vessels in the cheek pouch oc-
curred within approximately one hour as determined by insensitivity 
to topically applied adrenaline chloride (Park, Davis and Co.) in con-
centrations of 1:100,000 and lack of response to O.l55M. calcium 
chloride. 
Apparatus 
a. Equipment for observation and measurement of blood vessels. 
The equipment used for the observation and measurement of blood ves-
sels is shown in Figure 1. Observations of blood vessels were made 
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with a Leitz, monocular, compound microscope equipped with a 
special stage designed to hold a hamster dish. The light source for 
transillumination was a Spencer lamp. Magnifications were 1 OOX, 
200X, 220X, 500X, and lOOOX. The diameters of blood vessels were 
measured with a Leitz screw micrometer (12. 5X) and water immer-
sian lenses (22X), providing a total magnification of 275X. Camera 
lucida drawings were made at lOOX, 220X, and· lOOOX. 
b. Temperature control and measurement. The apparatus for 
a constant temperature drip described by Zweifach (1954) and mod-
ified by Arendt ( 1955) was used in a series of experiments in which 
the cheek pouch was kept at body temperature (Figure 2. ). Ringer's 
solution from a thermoregulated supply (38 degrees C.), heated by 
a 150 -watt electric light bulb and fed (by gravity) from a one -liter 
reservoir, was allowed to drip through an eighteen-gauge needle 
onto the cheek pouch. The rate of drip was adjusted in order to keep 
+ the cheek pouch temperature at 37. 5-0, 5 degrees C. Temperature 
measurements (thermisters) were made at the drip, under the cheek 
pouch, and from the rectum. 
c. Electrocardiography. The relative level of serum potas-
sium at any given time was determined by electrocardiograms. Stand-
ard Limb Leads I, II, III, and IV were obtained by means of hypoder-
mic needle electrodes placed under the skin of the left and right front 
legs, the left hind leg, and the precordium. EKGS were recorded on 
vertical lined electroencephalograph paper by means of a four channel, 
Explanation of Figures 
Figure 2. Temperature controlled irrigation of the hamster cheek 
pouch. (Left to right) Compound microscope, hamster 
dish, thermister, Spencer lamp, heating element with 
reservoir above, thermister meter. 
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direct pen writing electrocardiograph (Grass Instrument Co.). The 
course of hyperkalemia was followed on a cathode ray oscilloscope 
monitor. (Figures 1 and 3.) 
Procedures 
20 
a. Preparation of solutions for topical application. The solu-
tions and their salt concentrations which were applied topically to the 
cheek pouch are listed in Table I. All solutions were 0. 155-0. 160M. 
except for those used in two series of experiments in which hypotonic 
and hypertonic solutions were used. Each solution was prepared by 
diluting stock solutions of sodium (9 percent NaCl), potassium (1 per-
cent KCl), and calcium ( 1 percent CaC12 . 2H20) to desired concentra-
tions. The pH was adjusted by adding sodium bicarbonate (1 percent 
stock solution) and 10 cc. of a phosphate buffer (M/15, pH 7. 4) to in-
crease buffer capacity. Solutions were checked for exact pH (Beck-
man pH meter, Figure 4) before use and new solutions were made 
each day to insure reproduceability of experimental results. New 
stock solutions were made e:very week to decrease the probability of 
experimental error. In other experiments, the osmolar concentra-
tion was adjusted to 0. 310 (O.l55M) with sodium chloride except when 
indicated otherwise. 
When non-electrolytes were substituted for sodium chloride, gel-
atin (Difco) and sucrose (Revere, Cane Sugar) were used. 
b. Serum electrolyte determinations and blood pH. Blood sam-
ples obtained by cardiac or orbital sinus punctures were placed in 
Explanation of Figures 
Figure 3. Electrocardiograms of hamsters were obtained using a 
Grass Electroencephalograph. EKGs were monitored on 
a Dumont Cathode Ray Oscilloscope. 
Explanation of Figures 
Figure 3. Electrocardiograms of hamsters were obtained using a 
Grass Electroencephalograph. EKGs were monitored on 
a Dumont Cathode Ray Oscilloscope. 
I \ 
\ 
. ' -. •: I 
.7:·" ···-: r [3 :-- ; . ;; (;; ; 
. . 
•• ! ~ .. 
21 
N 
N TABLE I 
VARIOUS ISOTONIC SOLUTIONS AND THEIR SALT CONTENTS APPLIED TOPICALLY 
TO EXPOSED BLOOD VESSELS IN THE HAMSTER CHEEK POUCH 
Salt Concentration in grms/1000 cc. H2o 
Solution NaCl Gelatin Sucrose KCl cac12 • 2H2o NaHC03 pH 
Locke 9.00 0.42 0.32 0.4 7.45 
Tyrode 8.00 0.20 0.27 0.4 7.45 
Zweifach 8.00 10.0 0.20 0.20 0.4 7.45 
(gelatin Ringer's) 0. 4 plus 
Serum Ringer's 9.00 0.20 0.10 phosphate 7.4 
buffer pH 7. 4 
Saline 9.00 0. 4 plus 7.4 
phosphate 
buffer 
Sucrose 102.69 0. 4 plus 7.4-
phosphate b 7.45 
Gelatin - salt 4.50 12.0 0.20 0.20 0.4 7.3-7.5 
Sucrose - salt 102.69 0.20 o. 10 0.4 7.45 
Serum Ringer's 9.00 0.20 0. 10 adjust with 7.3 
(Low pH) NaHC03 
Serum Ringer's 9.00 0.20 0.10 adjust with 7.7 
(High pH) NaHC03 
Gelatin 100 0.4 7.4 
(salt-free) 
Explanation of Figures 
Figure 4. The pH of all solutions which were applied topically to 
the exposed blood vessels in the hamster cheek pouch 
were determined on a Beckman pH Meter. 
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3 ml. test tubes, allowed to clot, and centrifuged at 2200-2500 r.p.m. 
for ten minutes. One tenth of a milliliter of serum was pipetted into 
volumetric flasks (a 10 ml. flask for potassium determinations and 
a 25 ml. flask for sodium determinations) containing lithium chloride 
solution, 5000 parts per million (0.1 ml. forK and 1. 25 ml. for Na. ). 
Electrolyte determinations were made on a flame photometer (Baird, 
Figure 5) and reported in milliequivalents per liter (mEq/1). 
Blood used for whole blood pH determinations was obtained by 
cardiac puncture. The blood was drawn into a 1 cc. syringe contain-
ing a small amount of paraffin oil and analyzed in a custom-built three 
electrode pH meter (Single Cell Research Foundation, Inc., C. L. 
Claff, ·Director). The measurements were made under constant 
conditions of temperature, humidity, and corrected barometric 
pressure. The design of the instrument allowed for three measure-
ments on a single cubic -centimeter of blood. 
c. Blood vesseL vasomotor sensitivity tests. The vasomotor 
sensitivity of blood vessels was measured by two methods: first, 
constrictor threshold to topically applied adrenalin chloride; and 
second, constrictor threshold to electrical stimulation. Adrenalin 
chloride (Epinephrine, Parke, Davis and Co.) was diluted in Ringer's 
solution and applied topically at dilutions of l:lxl06 to l:lx109 in in-
crements of 1:5xl0N. Topical applications were made as follows. 
The moat in the hamster dish was aspirated dry and the natural res-
ervoir along the single membrane was dried with absorbent tissue 
Explanation of Figures 
Figure 5. Serum electrolyte determinations were obtained from blood 
samples analyzed in a Baird Flame-photometer. An inter-
nal standard of 5000 P. P.M. of lithium chloride was used. 
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(Wipetts) to remove excess liquids. Immediately, adrenalin chlor-
ide was applied (highest dilution first). The threshold for constric-
tion was determined by the concentration which would completely 
close a terminal arteriole in 6o"!: 10 seconds. This criterion was 
selected for two reasons: first, in order to eliminate bias and prej-
udice on the part of the investigator; and second, because complete 
closure was unmistakeably well-defined. At the end of sixty seconds 
the adrenalin solution was removed and the cheek pouch was washed 
at least three times and allowed to recover for ten minutes before 
proceeding with the next test. Buffered solutions were discarded 
twenty minutes after dilution because of rapid deterioration. The 
results of these tests are reported in micrograms per milliliter 
(ttg./ml.). 
The sensitivity of blood vessels to electrical shocks was meas-
ured by direct stimulation of the arteriolar walls. Silver -glass mi-
croelectrodes1 were placed directly on the walls of the blood vessels 
by means of an Emerson Micromanipulator and a Grass stimulator 
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was used to provide current with the characteristic of a single square 
wave pulse of 10 msec. duration. Two criteria for constrictor thresh-
old were established: first, the voltage required to cause a percept-
ible change in the diameter of the blood vessel directly after stimu-
lation; and second, the voltage required to close completely a termin-
al arteriole or a small arteriole (arcuate). 
1. Kindly made by Mr. John Degelrnan, Biological Research Labor-
atory, Boston University. 
A period of 5-7 minutes was allowed for recovery between suc-
cessive tests. Sensitivity of blood vessels was reported in volts. 
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d. Statistical methods. The data was analyzed by two methods. 
Analysis of variances was used to measure differences between means 
in the same type of data (F Test). Student-Fisher T Tests were used 
to determine significant differences between two samples of data 
within the same class. 
RESULTS 
A. VASCULAR PATTERNS IN THE CAPILLARY BED OF THE 
HAMSTER CHEEK POUCH 
28 
The literature contains only brief and incomplete descriptions of 
the anatomy and physiological activity of the blood vessels in the ham-
ster cheek pouch at the capillary level. Spontaneous vasomotor activity 
of the smooth muscle of small arterioles and at capillary origins have 
been described (Lutz.=!_ al, 1950; Lutz, 1950; Lutz and Fulton, 1957). 
The absence of thoroughfare channels (Lutz et ~· 1950) has been 
substantiated by Zweifach and Metz (1955). Therefore, the vascular 
pattern was investigated so that experiments could be standardized 
by using similar types of vessels in each test. 
Structural components of the terminal vascular bed in the hamster 
cheek pouch may be described as a series of anastamosing vessels 
(Figures 6 and 7). Larger arteries anastamose with other arteries and 
at intervals give rise to arterioles, usually at right angles, which in 
turn anastamose with each other. These arterioles make up the arcuate 
patterns seen at low powers (Figure 6). Arcuate arterioles usually 
originate from small arteries at an angle of 90 degrees or less with 
respect to the direction of flow in the parent vessel. The point of origin 
may be from the same or separate arteries. In either case the vessels 
anastamose with vessels of similar origin and give rise to terminal 
arterioles. Usually two arcuate arterioles empty their contents together 
(again at right angles) into a terminal arteriole. The latter terminate 
Figure 6. 
Explanation of Figures 
Camera lucida drawing of the arterial pattern in the 
hamster cheek pouch. A.= small arteries or arterioles. 
a. = arcuate arterioles A. = terminal arterioles. Arrows 
indicate direction of flow at the time of drawing. Diameters 
in millimeters. 
' 
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ARTERIAL PATTERN OF THE HAMSTER CHEEK POUCH 
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Figure 7. 
Explanation of Figures 
Camera lucida drawing of the terminal vascular 
bed in the hamster cheek pouch showing the complete 
arterio-venous circulation and the location of 
sphincters. Note the ramification of capillaries. 
C. V. = collecting venule. 
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as true capillari·~s which ramify throughout the tissue. Capillaries 
anastamose and form collecting venules which anastamose or join to 
form larger venules. The morphology of the blood vessels draining 
the capillary bed is identical with the arterial side supplying the bed. 
Venules anastamose or join to form larger venules, etc. 
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No direct connections were found between the arterial and venous 
sides of the circulation except through true capillaries. Arterio-
venous anastamoses, thoroughfare channels, preferential channels, 
and arterio-venous capillaries were never seen during more than 500 
observations made by the author. 
The most important structural components regulating the flow of 
blood into a large area of a capillary bed were the sphincter muscle 
cells on terminal arterioles. (Figure 7 and 8) The activity of the 
arteriolar sphincters controlled the amount of blood entering the capil-
lary bed. Finer regulation within the bed itself was adjusted by the 
precapillary sphincters (Figures 7 and 8) located at the proximal ends 
of the capillary offshoots from terminal arterioles. The remainder of 
the true capillary network consisted of endothelial tubes with no peri-
vascular musculature. The venous portion of the capillary bed consisted 
of several capillaries which anastamosed or joined to form the collecting 
venules. Muscular sphincters were never found on this side of the 
capillary bed. 
Normal patterns of blood flow in arteries. Arteries were generally 
one third to one half the diameter of the veins. Blood flow in the ar-
teries was rapid and occasionally reversed its direction in the arcuate 
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arterioles, The reversal could be explained frequently by the action 
of the sphincters in the terminal arterioles, When the sphincter muscles 
on a terminal arteriole which was being fed by two arcuate vessels 
suddenly constricted, the blood in the arcuate vessels woul supply 
another terminal arteriole. Often the sphincters of two terminal 
arterioles would relax and the arcuate vessels would then empty into 
separate terminal arterioles producing and intervening area of stasis. 
The author alternated his field of observation on many occasions from 
one terminal arteriole to another, noting constriction of one sphincter 
while the otheT dilated. This reciprocal vasomotor actively resulted 
in periodic anastomatic flow, stasis, and reversal of direction, 
depending upon the pressure differential. 
Normal patterns~ blood flow in capillaries, Blood flow in terminal 
arterioles was irratic depending upon the activity of the sphincters, 
During periods of deep anesthesia the sphincters were dilated and no 
vasomotor activity could be observed. It is the opinion of the author 
that vasomotor activity predominates under normal conditions. Blood 
flow in the capillaries became intermittent at times due to the sphincter 
activity which occurred at the capillary origin. Reversal of flow in the 
intercommunicating capillaries was a predominant feature. This pheno-
menon results from pressure changes caused by precapillary sphincter 
activity. When a precapillary sphincter closed or narrowed, the blood 
flow in the capillary networc< would change its direction. In this manner 
the tissue was assured of constant blood supply. 
Explanation of Figures 
Figure 8. Vascular sphincters in the hamster cheek pouch. Left, 
Sphincter on a terminal arteriole. Right, Precapillary 
sphincter; 
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Vasomotion, This phenomenon was first described by Chambers 
and Zweifach (1944). The term has been applied to the spontaneous 
periodic narrowing and subsequent dilation of the terminal arterioles 
and precapillary sphincters. In the hamster cheek pouch vasomotion 
was arrhymical and extremely responsive to enviormental conditions 
which are to be described by the author later in the text. 
Vascular Reactivity. The sensitivity of various components of the 
capillary bed will be discussed more fully in another section. In 
general, precapillary sphincters were the most sensitive components. 
Terminal arterioles and the larger arcuate arterioles were next in 
that order, Considerable variability occurred within the terminal and 
arcuate arterioles. The proximal junction of both were the most sensi-
tive to stimuli (both chemical and electrical). 
Normal patterns of flow on the venous side. Blood flow in collect-
------
ing venules, small (arcuate) venules, and veins was slow enough so 
that individual formed elements could be distinguished, The phenomenon 
of white cell "rolling" and "sticking" was investigated briefly. Increased 
white cell adhesiveness occurred when hypotonic solutions were applied 
to the single membrane. The amount of "sticking" became so extensive 
in time that "paving" of venules occurred. No increase in thromobemolic 
tendency was observed, The "sticking" phenomenon was reversible to a 
limited degree as demonstrated by the replacement of isotonic solutions. 
Hypertonic solution (10 percent sodium chloride) resulted in complete 
stasis in arterioles, capillaries, and venules and was reversible when 
isotonic solutions were returned to the preparation. 
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Spontaneous platelet thrombus formations occurred when acid 
solutions {below pH 7. 0) were applied to the blood vessels. Thrombi 
formed in the collecting venules. This phenomenon was also reversible, 
provided that permanent damage from prolonged exposure was not allowed 
to occur. 
B. THE EFFECT OF ISOTONIC SOLUTIONS ON BLOOD FLOW, 
VESSEL DIAMETERS, AND VASCULAR RESPONSES TO CHEMICAL 
AND ELECTRICAL STIMULI 
36 
Since the primary purpose of this investigation was to determine 
the possible sympathomimetic properties of physio-pathological con-
centrations of potassium, a physiological solution, (henceforth desig-
nated as serum Ringer's solution) containing concentrations of potas-
sium and calcium similar to those found in mammalian blood by 
quantitative methods was prepared for control purposes. The ionic 
constituents and pH of this solution were based on concentrations 
found in various mammals including the hamster (Tables II and III). 
The composition comprised 9 percent sodium chloride, 0. 020 percent 
potassium chloride, 0. 010 percent calcium chloride, and was adjusted 
to a pH of 7.4 (0.04 percent sodium bicarbonate and 1 cc. /100 cc. 
M/15 phosphate buffer). 
The control solution was compared with other mammalian sol-
utions as well as simple isotonic solutions, using the following pro-
cedures: first, determination of the effect on blood flow and vessel 
diameter after prolonged exposure (4 hour); second, the determina-
tion of the vascular responses to topically applied epinephrine; and 
third, determination of the vascular responses to electrical stimula-
tion. Blood vessels were exposed to the test solution by filling the 
moat in the hamster dish, covering the entire preparation. A sketch 
TABLE II 
ELECTROLYTE CONCENTRATIONS AND pH OF HAMSTER SERUM 
Averages in Milliequiva1ents l Liter 
Na K 
+ 143.42-5.0 
(130 - 151)* 
*Range 
+ 4.590-1.19 
(3. 5 - 6. 0) 
pH 
+ 7. 43 - o. 02 
(7.41 - 7.47) 
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TABLE III 
COMPARISON OF IONS IN THE BODY FLUIDS OF MAMMALS 
WITH VARIOUS MAMMALIAN RINGER'S SOLUTIONS* 
Sodium Potassium 
Mammal mEq/1. 
--
g/1. mEq/1. g/1. 
+ Man (serum) 143 3.29 5.0 0,20 
"' 6.67 :g Cat (plasma) 
--- ---
0.27 
::l ~ Dog (serum) 141. 1 3.25 4.60 0.18 
~Pig (plasma) --- --- 6.20 0,25 
0 ~ Rat (plasma) 145 3.34 6.20 0,25 
Hamster** (serum) 142.8 3,28 4.59 0.18 
-- --
Average 143,3 3.29 5.66 0,23 
+ Author 
+ 
til § Klebs 300 6.92 8.7 0.35 
..... 
"'il Locke 391 9.00 10.5 0.42 
..... 
.]5 Tyrode 347.8 8.00 5.0 0.20 
"' . +++ 
- Zwe1fach 
f.< 
347.8 8.00 5.0 0.20 
., 
~* Include Sodium, Potassium, and Calcium only, 
"' .... ** Author's results. 
Calcium 
mEq/1. g/1. 
5.0 0.10 
l. 07 0.02 
1. 07 0.02 
3. 1 0.06 
2.56 0.05 
18 0.37 
16 0.32 
13.5 0.27 
10,0 0.20 
~ p:; 
+ Prosser et al, Comparative Animal Physiology, W. B. Sanders Co. ( 1950)p. 76, 
++ Marine Biological Laboratory, Formulae and Methods IV. 
+++ Chamber, R. and Zweifach, B. W,, Am. J. Anatomy, 75, (1944) p.l73. 
of a wide vascular area (approxiinately 1. 5 mm2 ) was drawn for ref-
erence purposes. Test solutions were changed after each hourly ob-
servation. 
Mammalian solutions and simple isotonic solutions. Narrowing 
and sometimes complete closure of the arterioles and stasis in the 
capillaries and venules occurred during the test period with Locke, 
Tyrode, Zweifach's Gelatin Ringer's, and gelatin salt solutions 
(Table IV). The earliest and most pronounced changes were obtained 
with Locke Ringer's solution. The results obtained with Tyrode's, 
Zweifach' s and gelatin salt solutions were identical. The salt con-
centrations, except for sodium chloride, were the same in these 
three solutions. Therefore, Zweifach's gelatin Ringer's and the gel-
atin salt solutions were not tested further. No apparent changes oc-
curred in blood flow or vessel diameters after prolonged exposure 
to serum Ringer's, saline, sucrose-salt, and simple sucrose sol-
utions. It was interesting to note that except for a slight constriction 
of the arterial elements, the circulation in the cheek pouch remained 
unaltered when the simple gelatin solution jelled. This solution was 
not tested further. 
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The response~ arterial elements to topically applied epinephrine. 
Sensitivity of arterial elements to epinephrine increased significantly 
(P § 0. 02) after two hours exposure to Locke and Tyrode solutions. 
The blood vessels were completely closed after three hours and no 
test could be performed. Locke -Ringer's solution was eliminated 
0 
'<!' 
TABLE IV 
THE EFFECT OF VARIOUS SALT SOLUTIONS ON BLOOD FLOW AND BLOOD VESSEL 
DIAMETERS IN THE HAMSTER CHEEK POUCH 
Solution 
Locke 
Tyrode 
Zweifach 
Number 
of 
Animals 
8 
14 
5 
(Gelatin Ringer's) 
Gelatine Salt 
Ringer's 
Serum Ringer's 
Saline 
12o/o Gelatine 
(salt-free) 
Sucrose 10. 3o/o 
(salt-free) 
C:n ........... .,. ... 1 n ~Of .. 
8 
20 
8 
3 
5 
f.. 
TIME IN HOURS 
1 2 3 4 
Arterial elements 
constricted 20 -
50o/o. Venous and 
capillary stasis. 
Further con- 4/8 pouches now incomplete 
striction of stasis. All arterial elements 
arterial ele- very constricted in others. All 
ments. More pouches had very little flow in 
venous and veins and capillaries. 
capillary stasis. 
Constriction of arterial elements 
within the first hour, followed by 
further constriction. Progres-
sive stasis in capillaries and 
venules. 
Vessels and flow behaved as with 
Tyrode 1s solution. Arterial ele-
ments progressively constricted, 
with concomitant stasis in venules 
and capillaries. 
Arterial elements became more 
constricted. Venous and capi-
llary stasis progressively worse. 
No changes in flow or vessel calibers. 
Vessels appeared to dilate slightly when saline first applied--no ap-
parent changes in flow or vessel diameters for as long as 4 hours. 
Jelled in 1 hour. 
Arterial constric-
tion (slight). Flow 
good to excellent. 
Same results as with saline solution. 
~~,..,....a. ,..a.anlt-a ~ct ,u;+"h .C:.:.,..n'I"'Y'l "R1nO'&~o,.la_ 
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from the remainder of the tests. Epinephrine sensitivity decreased 
significantly (P ~ 0. 02) after one hour exposure to sodium free sol-
utions (isotonic sucrose solutions with and without potassium and 
calcium). No change in sensitivity to epinephrine occurred after 
exposure to serum Ringer's and saline solution for three hours. How-
ever, the sensitivity (average, 0.137 g/ml.) using serum Ringer's 
solution remained significantly greater (P ~ 0. 02) than that for saline 
experiments (average, 2. 7 g/ml. ). The results are summarized 
in Table V. 
Body temperature influenced the sensitivity of blood vessels to 
topically applied epinephrine. A ten-fold increase occurred when 
the cheek pouch was maintained at body temperature by irrigation 
with warm serum Ringer's. 
The response of blood vessels to electrical stimulation. The 
responses of arterial elements to electrical stimulation at various 
times during a two-hour period of exposure to isotonic solutions are 
summarized in Table VI. The responses of terminal arterioles were 
significantly greater (P ~ 0. 02) using serum Ringer's, saline, and 
Tyrode -Ringer's solutions in that order. The voltage range was 
narrowest under the influence of serum Ringer's solution. How-
ever, in saline experiments constrictor thresholds of arterioles 
were significantly less than those of either of the other solutions. 
N 
"<t' TABLE V 
THE INFLUENCE OF VARIOUS ISOTONIC SOLUTIONS ON THE RESPONSE OF TERMINAL ARTERIOLES 
TO TOPICALLY APPLIED EPINEPHRINE* 
No. of 
Mean Concentration of Epinephrine in f' g/ml. 
No. of Solution No. of No. of Animals Zero Hour Animals One Hour Animals Two Hours Animals 
Locke 6 3 + 0.1-0.12 3 0.007 
Ringer's (0. 05-0. 5)** (0. 0005-0. 001) 
6 + 6 + 2 0.003 Tyrode o. 12-0.1 0.025-0.01 
Ringer's (0.05-0.1) (0.01-0.05) (0. 001+0. 005) 
Saline 10 10 + 3.0-6.2 10 + 2. 5-5.15 5 
(1.0-5.0) (1.0-5.0) 
Sucrose 6 6 10.0 6 100.00 
(1.0-50.0) ( 100) 
Sucrose plus 4 o. 15 4 28.0 
K+ + Ca++ (0.05-0.1) ( 10 -50) 
Serum 10 + 0.155-0.12 10 + 0.150-0.12 10 + 0.136-0. 12 6 
Ringer's (0.05-0.5) (0. 05-0. 5) (0. 05-0. 5) 
* Concentration of Epinephrine which would close a terminal arteriokone minute after application. 
** Range 
Three Hours 
could not test 
could not test 
+ 2.5-5.12 
(1.0-5.0) 
+ 0.1-0.05 
(0.05-0.1) 
(<') 
'<I' 
TABLE VI 
THE INFLUENCE OF VARIOUS ISOTONIC SOLUTIONS ON THE RESPONSE 
OF BLOOD VESSELS TO ELECTRICAL STIMULATION 
TYPE OF VESSEL 
No. of Terminal No. of No. of Small 
Solution Responses Vessels Arteriole Vessels Arteriole Vessels Artery 
Threshold 16 + 3.67-0.71 5 + 4.26-0.63 
Tyrode 1s (3. 0-4. 5) {3.5-5.0) + 16 + Closure 10 3.5-0.54 5.08-0.63 
{2.4-4. 0)* {4.0-6.3) 
Threshold !I) 12 + 2.45-0.5 9 + 4.31-1.3 
r.1 {1.5-3.3) (2.4-6. 0) Saline t) + + Closure < 11 2.88-0.2 9 3.74-0.73 
E-< {1.8-4.5) {2.7-4.5) 
....1 + ;serum! Threshold 0 10 3.25-0.47 > (2. 5-4. 0) Ringer's + Closure 10 2.2-0.25 
(2. 0-2. 5) 
* Range 
C. THE INFLUENCE OF VARIOUS IONS ON 
SPONTANEOUS VASOMOTOR ACTIVITY 
The foregoing experiments indicated that either simple saline 
or physiological solution containing potassium and calcium concen-
trations similar to serum levels can be used to maintain constant 
physiological responses of blood vessels. However, subsequent 
experiments have demonstrated the importance of other ions for 
maintaining proper physiological conditions. 
Spontaneous vasomotion was observed frequently when serum 
Ringer's solution was used to bathe the exposed blood vessels in 
the hamster cheek pouch. This phenomenon occurred most often 
during periods of light anesthesia. Vasomotion appeared twenty 
to thirty minutes after the blood vessels had been exposed, but 
was never found if extensive manipulation of the blood vessels 
occurred during the removal of excess connective tissue. 
The ionic constituents of the solutions surrounding the exposed 
blood vessels had a profound influence on vasomotion. Spontaneous 
activity ceased and the spincters remained open when the potassium 
ion was absent, if the pH exceeded 7. 6, or following application 
of saline solution. Vasomotion also ceased but the spincters 
became narrow or closed if the pH dropped to 7. 2 or below or if 
the potassium and calcium ions were increased (Locke Ringer's 
solution). Locke-Ringer's solution initially increased both the 
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frequency and the vessel area responding before termination of 
the activity. Serum Ringer's and isotonic saline with physiological 
concentrations of potassium maintained the spontaneous rhythm 
for periods up to two hours (observations were not carried beyond 
this point). The above observations are summarized in Table VII. 
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Since the presence of either potassium or calcium ions could 
maintain vasomotion, the latter for a shorter period of time, the 
role of each ion in initiating vasomotor activity was investigated. 
Table VIII contains a summary of these results. Vasomotion was 
stopped by applying saline solution and solutions containing physio-
logical concentrations of potassium and/or calcium were reapplied. 
In every case the presence of potassium could reestablish spon-
taneous activity whereas in only one case did the addition of calcium 
alone appear significant. 
On the basis of the preceeding experiments, serum Ringer's 
solution was selected as the proper physiological solution to be 
used in the study of the microcirculation in the hamster cheek 
pouch. 
'"" 
"" 
TABLE VII 
THE EFFECT OF VARIOUS ISOTONIC SOLUTIONS ON SPHINCTER ACTIVITY 
Number 
of 
Solution Animals 
Serum Ringer's 25+ 
Serum Ringer's 
pH= 7. 7 8 
Serum Ringer's 
pH= 7. 2 8 
Serum Ringer's 
( -K+) pH = 7. 4 8 
Serum Ringer's 
(-Ca++) pH= 7,4 
Locke's Solution 
pH= 7.4 
Saline pH = 7. 4 
8 
10 
10 
Vasomotion 
Continues for as long as 1 - 2 hours 
Vasomotion ceases and sphincter dilates 
Vasomotion ceases and sphincter closes 
Vasomotion continues for a short period and gradually 
weakens; sphincter remains open 
Vasomotion continues as with Serum Ringer's Solution 
Vasomotion increases in frequency and area; ceases with 
sphincters closed 
Vasomotion gradually ceases with no apparent loss of 
sphincter tone; sphincter remains open 
TABLE VIII 
THE EFFECT OF Ca++ AND K+ IONS ON VASOMOTION 
Solution 
Serum Ringer's 
Serum Ringer's 
( -Ca++) 
Serum Ringer's 
( -K+) 
Number 
of 
Experiments 
5 
6 
4 
Vasomotion 
Able to induce vasomotion 
Able to induce vasomotion 
3 out of 4 experiments un-
able to induce vasomotion 
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D. THE RESPONSE OF ARTERIAL ELEMENTS TO 
TOPICALLY APPLIED POTASSIUM 
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Changes in vessel diameter. Arterioles and terminal arterioles 
constricted after a period of an hour when bathed in serum Ringer's 
solutions containing increased amounts of potassium. Control measure-
menta (using serum Ringer's) of an arteriole and a terminal arteriole 
were made, and the preparation was washed three times with the 
test solution before filling the moat. Successive measurements were 
made at ten, thirty, and sixty minutes. The terminal arterioles 
were most sensitive and significant constriction (Table IX) occurred 
one hour after the application of solutions in which the potassium 
concentration was doubled (concentration found in Locke -Ringer's 
solution). Both arterioles and terminal arterioles were significantly 
constricted (terminal arterioles = -40.6 percent; arterioles = -25 
percent) at the end of one hour when potassium was increased three-
fold. This concentration equalled those found terminally in vivo 
after histamine intoxication, adrenalectomy, and total body x-ir-
radiation with 1000 r (Sudak ~ al, 1957; Wyman, Fulton, Sudak, 
and Patterson, 1953; Fulton and Sudak, 1954). 
Epinephrine Sensitivity Tests. The sensitivity of terminal 
arterioles was increased under the influence of non-physiological c 
concentrations of potassium (Table X). Highly significant increases 
in epinephrine sensitivity occurred one hour after the application of 
solutions in which potassium was increased two- and three -fold. 
TABLE IX 
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Arteriole 6 0 0 4 4.7 2 0 0 4 1.2 2 1 15 3 6. 1 2 
0.20 Terminal 
Arteriole 6 1 2 3 5.6 2 3 7 2 5 1 3 5.6 2 6. 1 1 
Arteriole 6 5 10,5 1 2 0 3 24 3 5,8 0 3 24 3 5.6 0 
0,40 Terminal 
Arteriole 6 5 17.4 l 6 0 5 21.6 1 11 0 5 43 1 13 0 
Arteriole 6 4 12.2 0 0 2 4 9.2 1 5 1 5 26 1 2 1 
o. 60 Terminal 
Arteriole 6 3 8.7 2 6 1 4 9.0 2 6 0 3 40,6 0 0 3 
Arteriole 6 4 4,0 1 5 1 5 8 1 3 0 5 11.2 1 1 0 
0.80 Terminal 
Arteriole 6 6 12 0 0 0 6 41.6 0 0 0 6 47.0 0 0 0 
Arteriole 6 1 18 0 0 5 6 20 0 0 0 6 41.0 0 0 0 
l. 00 Terminal 
Arteriole 6 2 7 0 0 4 5 18.3 0 0 1 6 55 0 0 0 
TABLE X 
THE EFFECT OF INCREASED POTASSIUM CONCENTRATION 
ON THE EPINEPHRINE RESPONSE OF TERMINAL ARTERIOLES 
Threshold Concentration of Epinephrine t' g/ml. 
No. of No. of 
Solution Animals One Hour Animals Two Hours 
Serum 10 + 0.150-0.12 10 + 0.136-1.2 
Ringer's (0. 05-0. 5)* (0. 05-0. 5) 
Serum 7 + 0.040-0.01 6 + 0.045-0.04 
Ringerls (0. 01-0. OS) ( o. 001-0. 1) 
(2X KCl) 
Serum 6 + 0.038-0,03 3 + o. 023-0.02 
Ringer's (0. 001-0.1) (0.01-0.05) 
(3X KCl) 
* Range 
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Ion antagonism. Experiments were conducted to investigate the 
effects of ion antagonism at the capillary level. Calcium ions, added 
in proportion to the increase in potassium ion, did not prevent vaso-
constriction. In fact solutions containing a three -fold increase in both 
potassium and calcium caused immediate constriction of terminal 
arterioles and a fifty percent decrease in the diameter of arterioles. 
Vasoconstriction occurred immediately when isotonic solutions of 
potassium chloride (0. 155M) and calcium chloride (0. 155M) were 
applied. Adrenergic blockade of the myoneural junction with 1Diben-
zyline1 prevented vasoconstriction with isotonic calcium chloride, 
but had no effect against either isotonic potassium chloride or potas-
sium nitrate. These results are summarized in Table XI. 
The minimal concentration of potassium required to depolarize 
the smooth muscle in blocked terminal arterioles was found to be 
2. 8 g/liter (Table XII). This value is fourteen times the concentration 
found in normal serum and over four times greater than toxic con-
centrations found in vivo during potassium intoxication (0. 6 g/liter). 
The concentration required to constrict arterioles was 3. 6 g/liter. 
The total osmolar concentration of all the above solutions was ad-
justed by addition of sodium chloride. There were some indications 
of ion antagonism between potassium and calcium. Constriction 
of terminal arterioles was prevented by substituting calcium chloride 
for sodium chloride in three out of five experiments. Constriction 
of arterioles was prevented in every case. 
Although calcium appeared to be parasympathomimetic, active 
vasodilation was never observed. However, blood vessels which 
TABLE XI 
EFFECT OF ISOTONIC POTASSIUM AND CALCIUM 
SOLUTIONS ON THE BLOOD VESSELS 
OF 1DIBENZYLINE' -TREATED HAMSTERS 
Solution 
0. 155M. KCl 
O.l55M. CaCl2 • 2H2o 
0. 155M. KN03 
l. 0 g. /ml. 
Epinephrine 
Control 
Violent constriction of 
all arterial elements 
Violent constriction of 
all arterial elements 
Violent constriction of 
all arterial elements 
Treated 
Constriction of ar-
terial elements 
No effect 
Constriction of ar-
terial elements 
Constriction of termin- No effect 
al arterioles within one 
minute 
52 
TABLE XII 
CONSTRICTION THRESHOLD OF SMOOTH MUSCLES 
IN ARTERIAL ELEMENTS (POTASSIUM) 
Concentration Number 
of Potassium of 
g/liter Animals 
1.8 7 
2.4 5 
2.8 8 
3.6 5 
2. 8 + 5 
0. 118 M. 
CaC12 
Blood Vessels (Blocked with 1Dibenzyline 1) 
Terminal 
Arteriole Arteriole 
No effect in 30 minutes 
slight constriction 
(25%) 
complete closure 
in 5-6 minutes 
rapid closure 
3/5 no reaction 
2/5 slight con-
striction of ter-
minal arterioles 
no effect 
complete closure 
in 10-15 minutes 
rapid closure 
no reaction in ar-
terioles 
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were cut during the preparation of single membranes began to 
bleed when isotonic calcium solutions were applied to the cheek 
pouches of hamsters treated with 'Dibenzyline'. This may be signi-
ficant as indirect evidence for vasodilation or at least loss of vascu-
lar tone. 
Sensitivity~ electrical stimulation. Blood vessels of hamsters 
treated with 'Dibenzyline' did not change significantly after prolonged 
exposure (one hour) to a high potassium environment (Table XIII). 
Significant constriction occurred as early as thirty minutes in untreated 
animals when potassium was increased five-fold in serum Ringer's 
solution. This quantity of potassium was far above toxic concentrations 
found in vivo. The mean diameters of blood vessels after adrenergic 
blockade are within the range of experimental error for caliber 
measurements (average percent of error in measurements = '!: 
6. 008 '!: z. 84 percent). However, the possibility of this concentration 
of potassium sensitizing the blood vessels was investigated by electrical 
stimulation of the smooth muscle wall (Table XIV) one hour after the 
solution was applied. Arterioles and terminal arterioles exposed 
to 1. 0 gr./lKCl were more sensitive (P f: 0. 02) to electrical stimu-
lation after treatment with 1Dibenzyline' than the same vessels in 
control animals treated in the same manner and exposed to serum 
Ringer's solution. 
'-" 
'-" 
TABLE XIII 
THE EFFECT OF 1DIBENZYLINE 1 ON THE DIAMETERS OF ARTERIAL ELEMENTS 
UNDER THE INFLUENCE OF INCREASED POTASSIUM ION CONCENTRATION 
Potassium Type of CONTROLS ADRENERGIC BLOCKADE 
g/liter Vessel 30 minutes 60 minutes 30 minutes 60 minutes 
Arteriole + -20.0-19.9* + -41.0-30. 1 + 3. 5-3.46 + 4.167-3.18 
l, 0 
Terminal + 
-18.3-30.2 + -55. 0-33.3 + -4.0-3.79 + -3.56-3.07 
Arteriole 
* Average percent of change and standard deviation. 
'"' li) 
TABLE XIV 
ELECTRICAL RESPONSES* OF BLOOD VESSELS UNDER THE INFLUENCE 
OF POTASSIUM IONS 
Solution 
Type of 
Vessel 
terminal 
Serum arteriole 
Ringer's 
arteriole 
terminal 
l, 0 g /l. arteriole 
Potassium 
arteriole 
No. of 
Vessels 
15 
8 
12 
9 
Untreated 
Controls 
volts 
+ 2.2-0,27 
(2.0-2,5)** 
+ 3.22-0.04 
(2. 5-4. 0) 
+ 2.08-0,04 
( 1. 5-3. 0) 
+ 2.22-0,07 
(1, 5-3. 0) 
* Complete closure upon stimulation 
** Range 
No. of 
Vessels 
20 
12 
17 
13 
'Dibenzyline 1 -treated 
volts 
+ 2.88-0.05 
(2, 0-4. 0) 
+ 4,2-0,08 
(3.5-6.0) 
+ 2.1-0,07 
(1.5-2.5) 
+ 2.66-0,06 
(2.0-4.0) 
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E. THE EFFECT OF HYPERPOTASSEMIA ON BLOOD VESSELS 
Vasoconstriction occurred when potassium was applied topically 
to exposed blood vessels in the cheek pouches of hamsters. However, 
physiopathological concentrations of this ion were ineffective when 
the animal was injected with adrenergic blocking agents. Experi-
mental hyperpotas.semia was investigated to determine if potassium 
could produce a sympathomimetic effect when it was increased to 
sublethal levels in the circulation. 
Serum potassium concentrations were increased in unoperated 
controls, sham-operated controls, adrenalectomized (two days), and 
1Dibenzyline 1 -treated hamsters by slowly injecting a one percent 
potassium chloride solution over a period of approximately one hour. 
Electrocardiograms were monitored during the entire injection per-
iod. When an abnormal EKG pattern occurred, it was maintained 
by keeping the injection rate constant for that particular change. 
At the end of fifteen minutes, the diameter of small arteries ( 1-2), 
arterioles (2-4), terminal arterioles (3-6), and venules (1-2) in the 
everted cheek pouch were measured and blood samples removed from 
the heart and orbital sinus for serum potassium determinations. 
These measurements were correlated with the particular EKG ab-
normality selected for study. 
The electrocardiographic changes which occurred during pro-
gressive hyperkalemia are very pronounced and dramatic. (Figures 
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10, 11, and 12.) Standard Limb Lead IV (Figure 9) was selected 
for measurement purposes because of the well defined P and T am-
plitudes. The mean values for the electrocardiogram of the normal 
hamster are presented in Table XV. The first change associated 
with hyperpotassemia was an elevation and "peaking" of the T wave. 
The serum electrolytes at this point were between 5 and 7 mEq/-
liter. Other changes were lowering of the R and S waves, widening 
of the RST complex, disappearance of the P wave, ventricular tachy-
cardia, sinus bradycardia, reappearance of the P wave, and lower-
ing of P and T waves (in some cases reversals of the T wave) fol-
lowing bizarre RST complexes and cardiac arrest (serum K between 
13 and· 15 mEq/ 1.). Results were identical after adrenalectomy 
and treatment with adrenergic drugs (See Table XVI). 
Two very obvious electrocardiographic changes (Stages A and 
B) were arbitrarily selected for correlation with serum potassium 
levels (Figures 8, 9, and 10): First, stage A was characterized by 
elevated and "peaked" T waves, depressed RandS waves and dis-
appearance of the P wave; Second, sinus bradycardia and reappear-
ance of the P wave were selected as stage B. Since blood could not 
be taken directly from the vessels in the cheek pouch, samples were 
obtained by orbital sinus puncture (venous blood in immediate vic-
inity of the cheek pouch) and cardiac puncture for comparison at 
each stage. No significant difference occurred in serum potassium 
in blood obtained from these two sites (Table XVII). Thus, the 
Explanation of Figures 
Figure 9. Bipolar Lead Electrocardiogram of the golden hamster. 
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Explanation of Figures 
Figure 10. Electrocardiogram (Lead IV) of a hamster during potas-
sium intoxication. 
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Figure 11. 
Explanation of Figures 
Electrocardiogram (Lead IV) of an adrenalectomized 
hamster during potassium intoxication. 
Control: 
Stage A: 
Terminally: 
Serum potassium= 5. 5 mEq/1.; 
mEq/1. Serum sodium = 141 
Serum potassium = 8. 44 mEq/1.; 
Serum sodium = 126. 34 l:riEq/1. 
Serum potassium= 13. 12 mEq/1.; 
Serum sodium = 126. 1 mEq/1. 
THE EFP'!CT Of HYPEftPOTASHMIA ON THE 
EKG aF ADMNALECTOMIZED HAMSTEU 
I • lmv. 
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Figure 12. 
Explanation of Figures 
Electrocardiogram (Lead IV) of a 'dibenzyline'-
treated hamster during potassium intoxication. 
Control: Serum potassium= 5. 0 mEq/l. 
Stage A: 
Stage B: 
Serllnl sodium = 145 mEq/l. 
Serum potassium = 8. 32 mEq/l. 
Ser= sodium = l3 7. 2 mEq/l. 
Serum potassium = 11. 02 mEq/l. 
Serum sodium =129.1 mEq/l. 
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TABLE XV 
MEAN VALUES FOR NORMAL ELECTROCARDIOGRAMS OF HAMSTERS* 
T 
millivolts 
+ 0.3324-0.025 
p 
millivolts 
+ 0. 1342-0. 035 
* Statistics from 50 animals. 
QRS RT PR 
milliseconds milliseconds milliseconds 
+ + + 12.92-2.2 75.48-5.0 43.56-3.0 
Rate 
beats/min. 
+ 436.2-47.0 
TABLE XVI 
EKG CHANGES DURING EXPERIMENTAL HYPERPOTASSEMIA 
IN NORMAL, SHAM-OPERATED, ADRENALECTOMIZED, 
AND 1DIBENZYLINE 1 -TREATED HAMSTERS 
1. Elevation of the T wave. 
2. Depression of R and S waves. 
3. Increased RST interval. 
4. Disappearance of the P wave. 
5. Ventricular tachycardia. 
6. Sinus bradycardia and reappearance of the P wave. 
7. Disappearance of P wave, lowering, and in some cases, re-
versa! of the T wave. 
8, Dissociated ventricular complex. 
9. Cardiac standstill. 
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TABLE XVII 
CORRELATION OF ELECTROCARDIOGRAPHIC CHANGES WITH SERUM POTASSIUM LEVELS 
Na 
+ 142-5.0* 
Control 
Heart 
( 132 -150)** 
K 
+ 4.59-1.19 
(3.6-6.0) 
Two hours of Anesthesia 
Heart 
Na 
+ 137.93-6.24 
(128-150) 
K 
+ 4.974-0.76 
(3. 8-6.4) 
Stage A in Electrocardiogram 
Heart 
Na 
132"t-3 
(124-135) 
K 
+ 9.43-1.04 
(8.6-10.0) 
Eye 
Na K 
+ + 129.67-4.5 9.0-1.64 
(126.2-137.2) (8.1-10) 
Stage B in Electrocardiogram 
Na 
Heart 
K 
+ 12.3-1.74 
(11.0-13.12) 
Na 
+ 126.0-4.0 
(121-133) 
Eye 
K 
+ 12.25-1. 14 
(11.1-13. 5) 
* Mean and standard deviation in rnEq/1. 
** Range 
electrolyte disturbance was generalized. 
Blood vessel diameters were measured at stages A and Bin 
normal, sham-operated, adrenalectomized, and in unoperated and 
adrenalectomized hamsters treated with 1dibenzyline. 1 Vasocon-
striction occurred during stages A (serum K = 9 rnEq/1.) and B 
(serum K = 12 rnEq/1.) in unoperated and sham-operated control 
animals. Although adrenalectomy abolished vascular responses at 
stage A, terminal arterioles and arteries were significantly con-
stricted (P ~ 0. 02) at stage B. However, the degree of constriction 
was considerably less than in stages A and Bin the control exper-
iment. Blood vessels in the cheek pouch of unoperated and adrena-
lectomized animals treated with 1dibenzyline 1 did not respond at all 
to potassium concentrations similar to those found in experimental, 
physiopathological, or toxic concentrations. The results of these 
experiments are summarized in Table XVIII. 
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TABLE XVIII 
THE EFFECT OF HYPERPOTASSEMIA ON BLOOD VESSELS OF CONTROL, SHAM-OPERATED, 
ADRENALECTOMIZED AND 'DIBENZYLINE'-TREATED HAMSTERS 
Experiment 
Control and 
Sham-operated 
control 
Adrenalec-
tomized 
1Dibenzyline 1 -
treated Normal 
and Adrenalec-
tomized 
Terminal 
Arteriole 
-65. 5* 
( -30- -l 00%) 
-0.25 
( -10-+12) 
* Average percent of change 
+ Serum K = 9 mEq/1. 
EKG Stage A 
Arteriole 
-25.51 
(10. 8-57. 5) 
+1. 57 
( -5 -+7. 1) 
Small 
Artery 
-20.9 
(0--45. 7) 
+3.8 
(1-5. 7) 
No change 
Terminal 
Venule Arteriole 
0 
0 
-100% 
-28.8 
(0--60o/o) 
+ Serum K = 12. 0 mEq/1. 
EKG Stage B 
Arteriole 
Small 
Artery Venule 
-90% -50% -20% 
( -75--100%) ( -30--75%) ( -10--30%) 
-10.2 -1.01 0 
(-2.3--33.0)(-9.8-7.4) 
-1. 8 -0. 67 +0. 7 0 
(-7.7-+6.0) f-5.7-+2.4) (-1-+1.5) 
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DISCUSSION 
The general vascular pattern in the hamster cheek pouch is 
typical of subcutaneous tissue as described by Zweifach and Metz 
(1955), Webb and Nicoll (1952 and 1954), and Nicoll and Webb (1955). 
The arcuate pattern on both the arterial and venous side have been 
described in other tissues (Algire and Merwin, 1955, Jacobson and 
Noer, 1952, Noer, 1943). This pattern provides structural charac-
teristics important for the regulation of both blood flow and pressure 
within the capillaries. In this manner, the capillary beds are not 
only assured a constant blood supply but pressure gradients can be 
adequately distributed. 
The important structural components which regulate blood flow 
into the capillary bed are the sphincter muscles located on the terminal 
arterioles and at the proximal end of capillaries. Contractile elements 
are never found on the capillaries themselves as reported by early 
investigators,(Rouget, 1873; Stricker, 1876; Vimtrup, 1922; Schaly, 
1926; Bensley and Vimtrup, 1928; Krogh, 1929; Krogh and Vimtrup, 
1932; Field, 1935; Beecher, 1936), but are limited to specific vas-
cular components which were called a variety of names {Richards 
and Schmidt, 1924; Nesterow, 1925; Tannenberg, 1926; Crawford, 
1926; Lewis, 1927; Hartman and Evans, 1929; Clark and Clark, 
1932; Sandison, 1932; Clark et al, 1934; Zweifach and Kossman, 
1937; Zweifach, 1939; Fulton and Lutz, 1940; Chambers and Zweifach, 
1944 and 1946; Lutz et a1, 1950; Webb and Nicoll, 1952 and 1954; 
Zweifach, 1954; Block, 1954; Nicoll and Webb, 1955; Zweifach 
and Metz, 1955; Lee, 1955; Algire and Merwin, 1955). 
Vascular spincters in the hamster are extremely sensitive to 
electrical and chemical stimuli and are influenced by neurogenic 
elements as in other species {Clark and Clark, 1933; Clark et al, 
1934; Fulton and Lutz, 1940; Chambers and Zweifach, 1944; 
Zweifach, 1954; Lutz et al, 1950; Zweifach and Metz, 1955). 
White cell sticking has been described as a pathological 
phenomenon by Clark and Clark (1934) and Knisely (1954). In view 
of the fact that solutions with low osmotic pressure increased the 
adhesiveness of white cells in the exposed blood vessels in the 
hamster cheek pouch, its occurrence may not be a normal condi-
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tion in this preparation under the influence of the osmolar solutions 
now used. Perhaps further investigations in this area are necessary. 
Claude Bernard first stated that the successful existence of 
every cell depends upon the relative stability of the chemical and 
physical properties of its immediate environment. Ringer's solu-
tions which are recommended for mammalian preparations studied 
in vitro do not fulfill the ionic requirements for living preparations. 
Conventional Ringer's solutions are modifications of the original 
amphibian-Ringer's solution and were not based on the ion concen-
trations found in the blood of mammals as determined by quanti-tative 
methods. Physiological concentrations of potassium and calcium 
similar to those found in the natural fluid environment of muscles 
and nerves provide conditions suitable for physiological studies of 
exposed tissue. 
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The vascular responses to altered electrolyte solutions applied 
topically involved a dual mechanism. Potassium and calcium exerted 
a synergistic action on vessels with a functional nerve supply, where-
as only potassium was able to stimulate muscle directly. Similar 
results were reported for skeletal muscle by Singh (1939). The 
importance of the external concentration of potassium in the physio-
logical behavior of nerve and muscle has been emphasized by Lorente 
de No (1947} and Hodgkin (1951). Potassium, and sodium as well, 
is concerned with resting potentials and an increase in this ion will 
decrease the resting potential of muscle and nerve. However, 
Zoethut {1808 - 1809) and Singh {1939} demonstrated an antagonism 
" between calcium and potassium in muscle physiology. Also, Hober 
(1917) concluded that calcium could inhibit the action of potassium 
on muscle potentials. Vasoconstriction which occurred with non-
physiological concentrations of potassium could not be inhibited 
by calcium in the presence of active nerve endings. Although the 
amount of potassium required to stimulate smooth muscle directly 
was far greater than concentration found in toxic states in vivo, 
its action could be inhibited by calcium in the absence of nerves. 
The physical and chemical characters provided by solutions 
of non-electrolytes were not sufficient to maintain the irritability 
of muscle and nerve. This confirms the results obtained by Hodgkin 
and Katz (1949) on invertebrate nerves. These investigators found 
that the substitution of non-electrolytes such as sucrose for sodium 
chloride in the immediate environment decreased the excitability 
of nerves. 
The role of the adrenal gland in vasopresser responses obtained 
by intravenous injections of potassium salts is well documented. 
Hazard (1933} first demonstrated that adrenalectomy would abolish 
evidence for vasoconstriction obtai;,ed by potassium chloride in-
jections. These results have been confirmed by others (Katz and 
Katz, 1937; Fenn, 1940; and Dawes, 1941}. 
Direct peripheral action of pathophysiological concentrations 
of potassium in the circulation could not be demonstrated in the 
hamster. Adrenergic blockade inhibited vascular responses which 
occurred during hyperpotassemia (sub-lethal} in adrenalectomized 
animals. This data suggested that the vasoconstriction may be of 
neurogenic origin. Resnik~ al (1936}, von Euler (1938}, Walker 
et al (1945} reported that intracisternal injections of potassium salts 
resulted in increased blood pressures in cats and dogs. Mullin 
~ al (1938 b.) reversed the vasopressor response by decreasing 
the potassium in the cerebral spinal fluid. 
Although hyperpotassemia per~ did not have a sympatho-
mimetic action on the walls of blood vessels directly, there may 
be other factors produced in pathological conditions which may 
have a synergistic vasoconstrictor effect with potassium ion. 
For example, substances such as Veratrine are known to sensitize 
" muscle to potassium. Albert Szent-Gyogyi (1953} and his group 
at the Marine Biological Laboratory, Woods Hole, Massachusetts, 
have demonstrated that certain steroids and hormones such as pro-
gesterone and DOC influence the permeability of membranes to 
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potassium. However, the action of potassium may not be on muscle 
but rather the myoneural junction, since muscle tone is increased 
when the intracellular potassium concentrations are low. 
The electrocardiographic response to hyperpotassemia in the 
golden hamster is identical with that of man and other· animals. 
However, Currens and Crawford (1950) could not correlate serum 
potassium with EKG disturbances in several human patients. Recent 
evidence has been presented which shows that EKG patterns similar 
to those which occur during hyperkalemia may be produced by 
disturbances in other inorganic constituents of blood. Roberts et 
al (1953) produced changes in electrocardiograms of dogs similar 
to disturbances associated with hyperpotassemia by decreasing the 
plasma bicarbonate, sodium, and pH. Hyponatremia usually 
accompanies a rise in serum potassium, for example, after adren-
alectomy and during potassium intoxication (Burnacki, 1911; 
Nicholson and Soffer, 1935; Schamp, 1941; Roberts, 1952; Wyman 
=.: al, 1953 b). However, during the present :nvestigation the EKG 
changes were specific for changes in serum potassium. Several 
animals were allowed to recover from severe hyperpotassemia and 
the electrocardiographic changes were completely reversible. 
Hyponatremia and mormokalemia were found when the EKGs had 
returned to normal. However, it is understood that EKGs alone 
should not be used as a diagnostic method for electrolyte imbalance 
if the specific cause for a change in the electrocardiogram is not 
known. Electrocardiograms can reflect the sum total of all the 
chemical changes occurring in the blood and may not be specific 
for any given change (Roberts et al, 1953). If the specific cause 
is known, the electrocardiogram can perform a useful service in 
the prognosis of the disorder (Currens and Crawford, 1950). 
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Bradycardia which occurred during experimental hyperpotassemia 
may be a direct action on the heart (Ringer, 1883; Ringer and Buxton, 
1887; Howell and Duke, 1906-7; Martin, 1904; McLean et al, 1933) 
or a result of stimulation of the cardioinhibitory center in the ln-ain. 
Hooker {1913) perfused the brains of frogs and dogs (1915) with 
Ringer's solution containing increased amounts of potassium and 
a decrease in the heart rate. Devos (1953a) reported bradycardia 
after the perfusion of the cerebral ventricles of dogs with potassium 
chloride and tachycardia after bilateral section of the vagus. Similar 
results were obtained after perfusion of the third and fourth ventricles 
{1953 b). 
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SUMMARY AND CONCLUSIONS 
Since high potassium levels are found in the blood concurrently 
with vasoconstriction it is important to establish the probable inter-
relationship. Consequently, the cardiovascular effects of potassium 
and possible mechanisms of action were investigated using the cheek 
pouch Of the golden hamster for direct observation of the micro-
circulation. 
The vascular pattern of the cheek pouch was studied and the 
relationship of structure to functional activity was established as 
a basis for analysis of comparative effects of solutions with different 
ionic compositions. The structural components are arranged in a 
pattern typical of subcutaneous tissue. Precapillary sphincters 
and the junctional segments of terminal and small arterioles were 
the most sensitive to both electrical and chemical stimulation in 
that order. The terminal vascular bed is capable of autonomous 
vasomotor activity. Contractile elements are limited to capillary 
origins and on all arterial elements. Tl- '"'"~ was no evidence for 
pericapillary contractile structures. 
A new physiological solution was formulated containing potassium, 
calcium and hydrogen ion concentrations similar to the amounts found 
in the whole blood of the hamster and other mammals as determined 
by flame photometer and other quantitative methods. This solution, 
referred to as serum Ringer's solution, was able to stabilize the 
blood flow and maintain constant levels of irritability as long as 
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three or four hours. Other mammalian solutions such as Locke-
Ringer's and Tyrode-Ringer's are not based on mammalian serum 
or plasma electrolyte concentrations but were formulated originally 
by modifying Ringer's amphibian solution for the purpose of studies 
on mammalian tissues in vitro. Consequently, they are not adequate 
for study of physiological activity in intact mammalian tissues. 
When these solutions were used, vasoconstriction, capillary and 
venous stasis, and an increase in threshold responses to adrenaline 
choloride were obtained. Although isotonic sodium chloride was 
able to stabilize vessel diameters and blood flow, it actually decreased 
the threshold to topically applied adrenaline chloride. Isotonic sol-
utions of non-electrolytes also maintained proper circulation but 
decreased even more the threshold responses. On the other hand, 
serum Ringer's solution maintained constant physiological activity. 
The occurrence of vasomotion was found to be maintained in 
part by the ionic composition in the fluid environment of the blood 
vessels. The concentration of potassium ions and the pH are highly 
significant. Vasomotor activity ceased in the absence of potassium 
ions, when the pH of the medium was above 7. 6 or below 7. 2, and 
in the presence of an excess of potassium (doubled). Vasomotion 
could be induced with physiological concentrations of potassium. 
Excessive potassium (two- or three-fold) in the fluid environ-
ment of blood vessels produced constriction at one hour. The vessel 
sensitivity to topically applied adrenaline chloride progressively 
increased during the same time period. The constrictor effect of 
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potassium could not be antagonized by calcium. On the contrary, 
the presence of increased concentrations of calcium acted synergis-
tically with potassium and vasoconstriction occurred in a shorter 
period of time. 
Although rapid constriction of blood vessels occurred after 
topical applications of isotonic potassium or calcium solutions, 
adrenergic blockade inhibited the constrictor effect of calcium but 
did not prevent the action of potassium. Consequently, isotonic 
solutions of calcium may be used as a functional test for the presence 
of an active nonmylinated nerve supply. Furthermore, isotonic 
potassium solutions may be used as a functional test for the presence 
of smooth muscle. 
Potassium concentrations comparable with those found in vivo 
during toxic states (60 mg percent) were not able to stimulate the 
blood vessels directly when applied topically in preparations blocked 
with 'dibenzyline'. However, the sensitivity to direct electrical 
stimulation was increased. A minimum of 280 mg percent of pot-
assium was necessary to depolarize smooth muscle cells in the 
absence of functional nerves. This value is 4. 5 times the toxic 
concentration found in vivo. Under these conditions, calcium was 
able to antagonize potassium. 
During severe hyperpotassemia induced by intravenous injection 
of potassium salts, serum electrolyte levels were correlated with 
changes in the electrocardiogram and vasomotor responses. The 
changes in the electrocardiograms were similar to those reported 
for man and other species. Potassium intoxication was character-
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ized by an increase in amplitude and "peaking" of the T waves, 
lowering of the R and S segments, intraventricular block, disap-
pearance of the P waves, ventricular tachycardia, sinus bradycardia, 
and reappearance of the P wave. The P waves disappeared, T wave 
decreased in amplitude becoming isoelectric and reversed in some 
cases, and bizarre R-S complexes preceeding cardiac arrest. 
Although significant vasoconstriction occurred in control and 
sham-operated hamsters with moderate and sublethal increases in 
serum potassium, the action of potassium was not a direct peripheral 
effect on the blood vessels in hamsters. Vascular responses were 
diminished by adrenalectomy and abolished by adrenergic blockade. 
Consequently, the peripheral constriction which occurred during 
experimental hyperpotassemia in the golden hamster was undoubtedly 
due to stimulation of the adrenal gland (possibly medulla), nerve 
elements (peripheral or central), or a combination of both. 
Finally, nonphysiological concentrations of potassium applied 
topically are able to stimulate directly the smooth muscle in the 
walls of blood vessels, However, these concentrations are over 
four times the toxic concentrations found during hyperpotassemia. 
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ABSTRACT 
Since high potassium levels are found in blood CCIIlcurrently 
with vasoconstriction, it is important to establish the probable inter-
relationship. Consequently, cardiovascular effects of potassium 
and possible mechanisms of action were investigated using the 
cheek pouch of the golden hamster for direct observation of the 
microcirculation. The results presented in this dissertation were 
obtained from two related studies: first, by topical application of 
solutions containing altered concentrations of ions; and second, by 
intravenous injection of potassium salts. 
The vascular pattern of the cheek pouch was investigated and 
the relationship of structure to functional activity was established 
as a basis for analysis of comparative effects of solutions with 
varied salt concentrations. The structural components are arranged 
in a pattern typical of subcutaneous tissue. The smooth muscle 
components of the terminal vascular bed are capable of auto-
nomous vasomotor activity, especially in the areas of the vascular 
sphincters. Vasomotor sensitivity was investigated by topical 
application of adrenaline chloride and by electrical stimulation of 
smooth muscle. 
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A new physiological solution was formulated containing potassium, 
calcium and hydrogen ion concentrations similar to the amounts found 
in the whole blood of the hamster and other mammals as determined 
by flame photometry and other quantitative methods. This solution 
was compared with conventional mammalian solutions which orig-
inated as modifications of Ringer's amphibian solution for use on 
mammalian tissues. Conventional solutions produced vasocon-
striction, capillary and venous stasis, and inconsistant sensitivity 
to direct electrical stimulation and topically applied adrenaline 
chloride. The new solution maintained constant physiological activity. 
The occurrence of vasomotion was found to be maintained in 
part by the ionic constituents in the fluid environment of the blood 
vessels. Vasomotor activity ceased in the absence of potassium 
ions, when the pH of the medium was above 7. 6 or below 7. 2, and 
in the presence of an excess of potassium (doubled). Vasomotion 
could be induced with physiological concentrations of potassium. 
Excessive potassium (two- or three-fold) in the fluid environ-
ment of blood vessels produced a significant constriction at one 
hour. The vessel sensitivity to topically applied adrenaline chloride 
progressively increased during the same time period. The con-
strictor effect of potassium was augmented by the addition of 
calcium in proportion to the increase in potassium ions. 
Since the vasoconstrictor effect of calcium was blocked with 
'dibenzyline', isotonic solutions of calcium chloride were used as 
a functional test for the presence of an active nerve supply to blood 
vessels. Furthermore, a functional test for the presence of smooth 
muscle was established with isotonic solutions of potassium salts. 
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Potassium concentrations comparable with those found in vivo 
during toxic states {60 mg percent) were not able to stimulate blood 
vessels directly when applied to preparations blocked with 'dibenzyline'. 
A minimum of 280 mg percent of potassium was necessary to stim-
ulate smooth muscle cells directly in the absence of functional 
nerves. Under these conditions, calcium was able to antagonize 
potassium. 
During severe hyperpotassemia induced by intravenous injection 
of potassium chloride {1 percent), serum electrolyte levels were 
correlated with changes in the electrocardiograms and vasomotor 
responses. The electrocardiographic responses to hyperpotassemia 
were similar to those reported in man and other species. Although 
significant vasoconstriction occurred during hyperpotassemia, 
the action of potassium was not a direct peripheral effect on the 
blood vessels. Vascular responses were diminished by adrenalectomy 
and abolished by adrenergic blockade. The level of potassium in 
toxic conditions was found to be 52 to 60 mg percent {13 - 15 mEq/1). 
This concentration is only one fourth the amount required to stimu-
late vessel walls directly. Other possible mechanisms responsible 
for the constrictor effect of potassium were discussed. 
PAGE 99 LA.CKING IN NUMBERING ONLY. 
UNIVERSITY MICROFm!S 
AUTOBIOGRAPHY 
Name: Frederick Nicholas Sudak 
Date of Birth: July 30, 1928 
Place of Birth: Lowell, Massachusetts 
Parents: Nicholas Sudak 
Mary ( Urbanovich) Sudak 
Spouse: Clementina (Frasca) Sudak 
Education: Westford Academy, Westford, Massachusetts. 
Graduated 1946 
Boston University, College of Liberal Arts. 
A. B. 1952 
Boston University, Graduate School. 
A.M. 1954 
Positions Held: Graduate Assistant, Department of Biology, 
Boston University, 1954. 
Research Assistant, Greater Boston Chapter of 
the American Heart Association, 1953-1955. 
Research Fellow, Single Cell Research Foundation 
Inc., Woods Hole, Massachusetts, 1957. 
Research Associate, USPH A-856(C2), 1956-1957. 
Professional Societies: Society of the Sigma Xi 
Microcirculatory Conference 
American Association for the 
Advancement of Science. 
100 
Publications: 
Wyman, L.C., G,P. Fulton, F.N. SudakandG.N. Patterson. 
Electrocardiograms and serum electrolyte levels in hamsters 
with adrenal insufficiency and hypercorticalism. Proc. Soc. 
Exper. Biol. and Med. 84: 280, ~953. 
Fulton, G. P. and F. N. Sudak. The effect of total body x-irradi-
ation on the serum electrolyte levels and electrocardiograms of the 
golden hamster. Am. J. Physiol. 179: 135-138, 1954. 
Sudak, F. N., Wyman, L. C. and G. P. Fulton. The effect of hista-
mine on the electrocardiograms and serum electrolytes of intact, 
cortisone-treated and adrenalectomized hamsters. Am. J. Physi-
ology (In Press). 
Sudak, F. N., S. B. Beaser, M. H. Shulman and G. P. Fulton. 
Microangiopathy in hamsters made diabetic with alloxan. Endo-
crinology (In Press). 
Claff, C.L., F.N. SudakandN.R. Stone. Experimentalhypo-
thermia and carbon dioxide production in the white rat. Biol. 
Bull. 111: 288, 1956. 
101 
